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1
SMPS WITH ADAPTIVE COT CONTROL
AND METHOD THEREOF

TECHNICAL FIELD

The present invention generally relates to electrical cir-
cuits, and more particularly but not exclusively relates to
SMPS with COT control.

BACKGROUND

A switching mode power supply (SMPS) is widely used
for converting an input voltage into an output voltage by
controlling the switching action of at least one switch.
Constant ON time (COT) control is typically used for
controlling a SMPS for its quick transient response. In a
SMPS with COT control, a switch is turned on once a
predetermined condition is detected, for example, when
detecting that a feedback signal indicative of the output
voltage drops below a reference signal. Then the switch is
maintained in the ON state for a constant ON time. And at
the end of the ON time, the switch is turned off.

When the ON time is fixed, it would cause large variation
in switching frequency which varies with the variation in the
input voltage and the output voltage of the SMPS. And large
variation in switching frequency would introduce interfer-
ence to the rest of the system. And also, the switching
frequency is required to be limited in order to minimize the
switching loss.

Accordingly, an improved COT SMPS is required to at
least address one or some of the above deficiencies.

SUMMARY

In one embodiment, a SMPS comprising: a switching
circuit having an input terminal and an output terminal, the
switching circuit comprising a switch and an inductor,
wherein the switching circuit regulating an output voltage at
the output terminal based on an input voltage at the input
terminal by controlling a switching action of the switch; and
a controller configured to generate a switching control signal
to control the switch, wherein the switching control signal
transits from a first state to a second state when an output
signal at the output terminal satisfies a predetermined con-
dition, and the switching control signal transits from the
second state to the first state after a period of time; wherein
both a switching frequency of the switch and an inductor
ripple current of the inductor are configured to vary with the
input voltage and the output voltage.

In another embodiment, a controller for controlling a
switch in a SMPS, the controller comprising: an output
regulation circuit configured to generate an output regulation
signal based on an output signal of the SMPS; an ON time
control circuit configured to generate an ON time control
signal based on an input voltage of the SMPS and an output
voltage of the SMPS, the ON time control circuit compris-
ing: a ramp signal generating circuit configured to generate
a ramp signal having a slope determined by the input voltage
and the output voltage; a reference signal generating circuit
configured to generate a reference signal based on the output
voltage; and a comparing circuit having a first input con-
figured to receive the ramp signal, a second input configured
to receive the reference signal and an output configured to
provide the ON time control signal; and a logic circuit
having a first input configured to receive the output regula-
tion signal, a second input configured to receive the ON time
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control signal, and an output configured to provide a switch-
ing control signal for controlling a switching action of the
switch.

In yet another embodiment, a method of controlling a
SMPS comprising: regulating a switching frequency of the
SMPS varying with an input voltage and an output voltage
of the SMPS; regulating an inductor ripple current of the
SMPS varying with the input voltage and the output voltage;
and limiting the variation of the switching frequency and the
variation of the inductor ripple current at the same time.

BRIEF DESCRIPTION OF THE DRAWINGS

Non-limiting and non-exhaustive embodiments are
described with reference to the following drawings. The
drawings are only for illustration purpose. Usually, the
drawings only show part of the system or circuit of the
embodiments.

FIG. 1 illustrates a SMPS 100 according to an embodi-
ment of the present invention.

FIG. 2 shows a waveform diagram illustrating the signals
in a SMPS 100 with reference to FIG. 1, according to an
embodiment of the present invention.

FIG. 3 illustrates an ON time control circuit 122 for
generating an ON time control signal OT according to an
embodiment of the present invention.

FIG. 4 illustrates a reference signal generating circuit
1222 according to an embodiment of the present invention.

FIG. 5 shows a waveform diagram to illustrate the func-
tion of the switching frequency and the inductor ripple
current based on the variation of the input voltage according
to an embodiment of the present invention.

FIG. 6 illustrates an ON time control signal generating
circuit 600 according to a prior art control method.

FIG. 7 shows a waveform diagram to illustrate the func-
tion of the switching frequency and the inductor ripple
current based on the input voltage Vin for the prior control
method associated with the circuit 600 in FIG. 6.

FIG. 8 illustrates an ON time control signal generating
circuit 800 according to an embodiment of the present
invention.

FIG. 9 illustrates the function of the switching frequency
Fs and the inductor ripple current Ipp based on the input
voltage Vin for the second control method associated with
the circuit 800 in FIG. 8.

FIG. 10 shows a flow chart diagram illustrating a method
1000 of controlling a switch in a SMPS according to an
embodiment of the present invention.

The use of the same reference label in different drawings
indicates the same or like components.

DETAILED DESCRIPTION

Reference will now be made in detail to the preferred
embodiments of the invention, examples of which are illus-
trated in the accompanying drawings. While the invention
will be described in conjunction with the preferred embodi-
ments, it will be understood that they are not intended to
limit the invention to these embodiments. On the contrary,
the invention is intended to cover alternatives, modifications
and equivalents, which may be included within the spirit and
scope of the invention as defined by the appended claims.
Furthermore, in the following detailed description of the
present invention, numerous specific details are set forth in
order to provide a thorough understanding of the present
invention. However, it will be obvious to one of ordinary
skill in the art that the present invention may be practiced
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without these specific details. In other instances, well-known
methods, procedures, components, and circuits have not
been described in detail so as not to unnecessarily obscure
aspects of the present invention.

FIG. 1 illustrates a SMPS 100 according to an embodi-
ment of the present invention. SMPS 100 comprises a
switching circuit 11 and a controller 12. Controller 12
generates at least one switching control signal for control-
ling at least one switch S1 in switching circuit 11, in order
to regulate the output of SMPS 100 for supplying a load. As
a SMPS with COT control, the generated switching control
signal PWM transits from a first state to a second state when
an output signal of switching circuit 11 satisfies a predeter-
mined condition, such as when an output voltage of the
switching circuit is lower than a reference, to make switch
S1 transit into a first state, such as into ON state. And
switching control signal PWM transits from the second state
to the first state after a period of time, to make switch S1
transits into a second state, such as into OFF state. Where the
period of time of the ON state of switch S1 is determined by
the time point of when the control signal PWM transits from
the second state to the first state. However, it should be
known that a COT control according to embodiments of the
present invention may refer to controlling an ON time period
of a switch, or refer to controlling an OFF time period of a
switch. Controller 12 controls that both a switching fre-
quency of switch S1 and an inductor ripple current which is
a peak to peak value of an inductor current 1L, vary with the
input voltage and also vary with the output voltage. Thus the
two parameters are optimized in order to improve the
characteristics of the SMPS in lower switching loss, higher
system stability, smaller system volume, and so on.

Switching circuit 11 has an input terminal Vin and an
output terminal Vout, and comprises the switch S1. Switch-
ing circuit 11 regulates an output voltage at output terminal
Vout based on an input voltage at input terminal Vin by
controlling the switching action of switch S1, or by control-
ling the switching actions of switch S1 and a synchronous
rectifier. In one embodiment, switch S1 comprises a MOS-
FET. It is noted that the labels of “Vin” and “Vout” each may
indicate either a terminal or a voltage signal. In another
embodiment, switch S1 comprises a JFET. Switch S1 may
yet comprise other types of switching element. In the shown
embodiment, switching circuit 11 comprises a buck con-
verter which comprises switch S1, a rectifier S2, and an
output filter which comprises an output inductor [ and an
output capacitor Co. However, it should be known that the
SMPS according to some embodiments of the present inven-
tion may have a different topology. And the switch as defined
in the appended claims may refer to either a primary switch
or a synchronous rectifier. Continuing with FIG. 1, switch S1
is coupled between input terminal Vin and a switching node
SW. Rectifier S2 is coupled between switching node SW and
a reference ground GND. In another embodiment, this
non-synchronous diode S2 may be replaced by a synchro-
nous rectifier and the synchronous rectifier comprises a
switching element, such as MOSFET, JFET etc. Output
inductor L is coupled between switching node SW and
output terminal Vout. And output capacitor Co is coupled
between output terminal Vout and reference ground GND.
The input voltage is converted into a switching voltage at
switching node SW under the switching action of switch S1.
Then the switching voltage is filtered by output inductor L
and output capacitor Co, into output voltage Vout which has
a smoother waveform shape compared to the switching
voltage at switching node SW. The output voltage at output
terminal Vout is used to supply a load. To be specific, output
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voltage Vout is controlled by the input voltage and the duty
cycle of switch S1, where the duty cycle indicates the
proportion of the ON time of switch S1 (duration of the ON
state of the switch S1) to one cycle period of switch S1.

Controller 12 generates a switching control signal PWM
for controlling switch S1. Controller 12 comprises an output
regulation circuit 121, an ON time control circuit 122 and a
logic circuit 123. Output regulation circuit 121 generates an
output regulation signal SET based on an output signal at
output terminal Vout of SMPS 100. In one embodiment,
output regulation circuit 121 comprises a comparing circuit
1211 having a first input, a second input and an output,
wherein the first input is coupled to output terminal Vout
configured to receive the output voltage or a feedback signal
indicative of the output voltage. The second input of com-
paring circuit 1211 receives a reference threshold signal Vth.
And the output of comparing circuit 1211 provides output
regulation signal SET. In one embodiment, when output
voltage Vout decreases and is lower than reference threshold
signal Vth, output regulation signal SET transits in an
effective state e.g. logic HIGH for turning on switch S1. In
another embodiment, output regulation circuit 121 generates
output regulation signal SET based on an output signal other
than the output voltage, such as an inductor current sensing
signal or an output power signal.

Continuing with FIG. 1, ON time control circuit 122
generates an ON time control signal OT based on input
voltage Vin at the input terminal of SMPS 100 and output
voltage Vout at the output terminal of SMPS 100. ON time
control circuit 122 comprises a ramp signal generating
circuit 1221, a reference signal generating circuit 1222 and
a comparing circuit 1223. Ramp signal generating circuit
1221 generates a ramp signal Von based on input voltage Vin
and output voltage Vout. In one embodiment, ramp signal
Von is generated as a function of a voltage difference
between input voltage Vin and output voltage Vout which
may be indicated as: Von=f(Vin-Vout). However, it should
be known that ramp signal Von can also be in a function as:
Von=t{(k1*Vin)-(k2*Vout)), where k1 and k2 are constant
values (k1=0, k20) which not equal zero, and k1 and k2 are
not equal but may have close values. In one embodiment,
ramp signal Von is a saw tooth signal and the slope of ramp
signal Von is controlled by the voltage difference between
the input voltage and the output voltage (Vin-Vout). Refer-
ence signal generating circuit 1222 generates a reference
signal Vref based on output voltage Vout. In one embodi-
ment, reference signal is in a value indicated as: Vref=
(a*Vout)-b, where a and b are constant values and a#0.
Comparing circuit 1223 has a first input, a second input and
an output, wherein the first input is coupled to the output of
ramp signal generating circuit 1221 configured to receive
ramp signal Von, the second input is coupled to the output
of reference signal generating circuit 1222 configured to
receive reference signal Vref, and the output provides ON
time control signal OT.

Logic circuit 123 has a first input coupled to the output of
output regulation circuit 121 to receive output regulation
signal SET, a second input coupled to the output of ON time
control circuit 122 to receive ON time control signal OT, and
an output providing a switching control signal PWM for
controlling the switching action of switch S1. In one
embodiment as shown in FIG. 1, logic circuit 123 comprises
an RS flip-latch which has a setting input S, a resetting input
R, a first output Q and a second output /Q. Wherein setting
input S is coupled to the output of output regulation circuit
121, resetting input R is coupled to the output of ON time
control circuit 122, first output Q provides switching control
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signal PWM, and second output /Q provides a second
control signal /PWM which is complementary to switching
control signal PWM. In one embodiment, second control
signal /PWM is supplied to ramp signal generating circuit
1221 of ON time control circuit 122 for generating ramp
signal Von. In one embodiment, controller 12 further com-
prises a driving circuit which is coupled between the output
of'logic circuit 123 and switch S1 for driving switch S1 with
an adequate voltage. In one embodiment, when output
voltage Vout decreases and becomes lower than threshold
voltage signal Vth, output regulation signal SET transits
from an ineffective state to an effective state, and accord-
ingly switching control signal PWM transits from an inef-
fective state to an effective state to turn on switch S1. At the
meantime, ramp signal Von starts to increase. When ramp
signal Von increases and reaches reference signal Vref, ON
time control signal OT transits from an ineffective state to an
effective state configured to trigger switching control signal
PWM transiting to an ineffective state to turn off switch S1.
And accordingly, ON time control signal OT determines the
ON time of switch S1. In this embodiment, the ON time of
switch S1 is determined by ramp signal Von and reference
signal Vref, wherein ramp signal Von is determined by the
voltage difference (Vin-Vout) between input voltage Vin
and output voltage Vout, and reference signal Vref is deter-
mined by output voltage Vout. This configuration would
leads to a trade-off between the switching frequency char-
acteristic and the inductor ripple current characteristic, thus
the switching loss is not high due to the limited switching
frequency, and the inductor ripple current is also suppressed
which makes the output capacitor compensation easy.

FIG. 2 shows a waveform diagram for illustrating the
signals in a SMPS 100 with reference to FIG. 1, according
to an embodiment of the present invention. The signals
include output voltage Vout, ramp signal Von, switching
control signal PWM supplied to the control end of switch
S1, the second control signal /PWM that is in complemen-
tary pattern with signal PWM, and a switching voltage Vsw
at switching node SW. At time tl, output voltage Vout
decreases and reaches a predetermined threshold voltage
signal Vth, thus switching control signal PWM transits from
an ineffective state (logic LOW here) to an effective state
(logic HIGH here) to turn on switch S1. At the meantime,
signal /PWM transits from logic HIGH to logic LOW.
Switching voltage Vsw at switching node SW increases to
approximate input voltage Vin due to the ON state of switch
S1, and ramp signal Von increases from zero with a slope.
At time 12, ramp signal Von reaches reference signal Vref,
and switching control signal PWM is triggered from the
effective state to the ineffective state for turning off switch
S1. At the meantime, rectifier S2 is turned on for allowing
current flowing through it, switching voltage Vsw decreases
to approximate the reference ground voltage, output voltage
Vout starts decreasing gradually and ramp signal Von
decreases to zero swiftly. Accordingly, ON time Toni of
switch S1 is determined as a time period from time t1 to time
2. And ON time of switch S1 is determined by the slope of
ramp signal Von between time t1 and time t2. Wherein the
slope of ramp signal Von is further determined by input
voltage Vin and output voltage Vout. In one embodiment, the
slope of ramp signal Von is a function of f(Vin-Vout) as
described above. And at time t3, the output voltage
decreases to reach threshold voltage signal Vth and starts
another cycle.

FIG. 3 illustrates an ON time control circuit 122 for
generating an ON time control signal OT according to an
embodiment of the present invention. ON time control
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circuit 122 comprises a ramp signal generating circuit 1221,
a reference signal generating circuit 1222 and a comparing
circuit 1223. Ramp signal generating circuit 1221 comprises
a current signal generating circuit which generates a current
signal Ic as a function of the voltage difference between
input voltage Vin and output voltage Vout, and a capacitor
C1 that is charged by current signal Ic when a primary
switch S1 is in ON state. And the voltage across capacitor C1
forms ramp signal Von whose slope is a function of the
voltage difference between input voltage Vin and output
voltage Vout. In one embodiment, current signal Ic is
proportional to the voltage difference (Vin-Vout) between
input voltage Vin and output voltage Vout, and the slope of
ramp signal Von is also proportional to the voltage difference
Vin-Vout. When ramp signal Von increases and reaches a
reference signal Vref generated by reference signal gener-
ating circuit 1222, an ON time control signal OT transits
from an ineffective state to an effective state to turn off
switch S1, and capacitor C1 is discharged to ground level
simultaneously. The current signal generating circuit of
ramp signal generating circuit 1221 comprises a resistor
divider which comprises a first resistor R1 and a second
resistor R2, a third resistor R3, a fourth resistor R4, an
amplifier 211, a transistor 212 and a current mirror 213. The
first resistor R1 has a first end coupled to input terminal Vin
for receiving the input voltage, and has a second end coupled
to a first input (+) of amplifier 211. The second resistor R2
has a first end coupled to the second end of the first resistor
R1, and has a second end coupled to a reference ground
GND. The third resistor R3 has a first end coupled to output
terminal Vout for receiving the output voltage, and has a
second end coupled to a second input of amplifier 211. The
fourth resistor R4 has a first end coupled to a second input
(=) of amplifier 211, and has a second end coupled to
reference ground GND. In one embodiment, the first input of
amplifier 211 is a non-inverting input, and the second input
of'amplifier 211 is an inverting input. As indicated above, the
first input of amplifier 211 is coupled to the second end of
the first resistor R1 which is also the output of the resistor
divider, and the second input of amplifier 211 is coupled to
the second end of third resistor R3 and the first end of the
fourth resistor R4. Transistor 212 has a first end, a second
end and a control end. Wherein the first end of transistor 212
is coupled to the first end of the fourth resistor R4, the
second end of transistor 212 provides a current signal Ic and
the control end of transistor 212 is coupled to an output of
amplifier 211. Thus current Ic flowing through transistor 212
is controlled by the output of amplifier 211. Transistor 212
may comprise a metal oxide semiconductor field effect
transistor (MOSFET), a junction field effect transistor
(JFET), or other type of transistor.

As intrinsic characteristics of an operational amplifier, the
currents at the two inputs of amplifier 211 approximate zero
and the voltages at the two inputs are substantially the same.
Accordingly the voltage V+ at the non-inverting input of
amplifier 211 is proportional to input voltage Vin, which
may be indicated as:

. R

SRiam Vi

The current flowing through R3 is:

R2 .
e Vout— V* _ Vour— R0 x Vin
R3 R3
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And the current flowing through R4 is:

v* R2

==
R4~ Rd«(RL+R2)

* Vin

Thus the current flowing through transistor 212 is:

1— ———«Vin

RL+ R
R3

R Vou

le=14-13 = =R+ R = Vin—

In one embodiment, the resistances for the first resistor R1
and the third resistor R3 are selected to be the same
(R1=R3), and the resistances for the second resistor R2 and
the fourth resistor R4 are selected to be the same (R2=R4),
and current Ic is:

Vin — Vour

i ,
¢ RI

which is proportional to the voltage difference between input
voltage Vin and output voltage Vout.

In one embodiment, the voltage supplied to the non-
inverting input of amplifier 211 is proportional to input
voltage Vin as K*Vin (where k is a constant), and the
resistance of the third resistor R3 is selected to be

k

Rl
R3 = #R4, or R3= — % R4(since k=
R2

R2 )
RL+R2)

and accordingly current Ic for charging capacitor C1 is:

le o k x (Vin — Vour) B R2 % (Vin — Vour)
T TU-Kk+R* = Ri<R4

Thus the slope of ramp signal Von is proportional to current
signal Ic, and is thus proportional to the voltage difference
(Vin—Vout) between input voltage Vin and output voltage
Vout.

Current mirror 213 comprises two transistors having the
gates and sources coupled together, thus the current flowing
through input 2131 of current mirror 213 which is at the
drain of a first transistor is proportional to the current
flowing at output 2132 of current mirror 213. Accordingly,
current Ic flowing through transistor 212 at input 2131 of
current mirror 213 is proportional to the current at output
2132 of current mirror 213 which is coupled to capacitor C1
for charging capacitor C1. Capacitor C1 has a first end
coupled to output 2132 of current mirror 213, and has a
second end coupled to reference ground GND. Ramp signal
generating circuit 1221 further comprises a switch K which
has a first end coupled to the first end of capacitor C1, has
a second end coupled to the second end of capacitor C1, and
has an control end receiving a second control signal /PWM
which is in complementary pattern with a switching control
signal PWM which is used for controlling the primary
switch of a switching circuit. The first end of capacitor C1
forms the output of ramp signal generating circuit 1221.
When the primary switch of the controlled switching circuit
is in OFF state, control signal /PWM is in an effective state,
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and switch K is in ON state and current Ic flows through
switch K directly to the reference ground, and ramp signal
Von is at ground voltage. And when the primary switch of
the switching circuit is in ON state, the control signal /PWM
is in an ineffective state, switch K is in OFF state, and
current Ic charges capacitor C1.

Reference signal generating circuit 1222 is coupled to the
output terminal for receiving output voltage Vout, and
provides a reference signal Vref at its output. Reference
signal Vref has a value of:

Vref=a*Vout-b

where a and b indicate constant values.

Comparing circuit 1223 has a first input (+), a second
input (), and an output, wherein the first input is coupled to
the output of ramp signal generating circuit 1221 to receive
ramp signal Von, the second input of comparing circuit 1223
is coupled to the output of reference signal generating circuit
1222 to receive reference signal Vref, and the output of
comparing circuit 1223 provides ON time control signal OT.

When switching control signal PWM is in effective state,
the second control signal /PWM is in ineffective state,
switch K is in OFF state, and current Ic charges capacitor
C1. Ramp signal Von increases. When ramp signal Von
surpasses reference signal Vref, ON time control signal OT
transits from ineffective state to effective state, and switch-
ing control signal PWM transits from effective state to
ineffective state for turning off the primary switch of the
switching circuit. At the meantime, the second control signal
/PWM transits from ineffective state to effective state and
switch K is turned on, and ramp signal Von decreases to
ground voltage level. Ramp signal Von maintains at zero
until the switching control signal transits to its effective
state, then switch K is turned off again and another cycle
begins.

When the slope of ramp signal Von is high, the ON time
of the primary switch is short, and the switching frequency
is high. Since current Ic used for charging capacitor C1 is a
function of Ic=f(Vin-Vout), when input voltage Vin
increases, the slope of ramp signal Von increases, the ON
time period of the primary switch S1 becomes shorter, and
the switching frequency increases. Output voltage Vout
would increase with input voltage Vin accordingly, then the
slope of ramp signal Von would decrease, and reference
signal Vref increases. Accordingly, the rising rate of the
switching frequency would decrease.

The switching frequency may be determined as:

B Duty B Vout/ Vin _ Vourx(Vin - Vour)

Fsw= = »
w Ton Vinx R« Cx Vref

1
Vref [Icx —
ref | C*C

where R indicates the resistance for resistors R1, R2, R3 and
R4, and C indicates the capacitance for capacitor CI.
Accordingly, reference signal Vref may be calculated from
the required range of switching frequency Fsw in view of the
possible ranges of input voltage Vin and output voltage Vout,
and also the values of R and C.

FIG. 4 illustrates a reference signal generating circuit
1222 according to an embodiment of the present invention.
Reference signal generating circuit 1222 comprises an
amplifier 411, a first resistor RS, a transistor 412, a current
mirror 413, a second resistor R6 and a voltage source 414.
Amplifier 411 has a first input, a second input and an output,
wherein the first input is coupled to the output terminal for
receiving output voltage Vout. The first resistor R5 has a first
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end and a second end, wherein the first end is coupled to the
second input of amplifier 411, and the second end of
transistor R5 is coupled to reference ground GND. Transis-
tor 412 has a first end, a second end and a control end,
wherein the first end is coupled to the first end of resistor R5,
the control end is coupled to the output of amplifier 411.
Current mirror 413 has an input and an output, wherein the
input of current mirror 413 is coupled to the second end of
transistor 412. The second resistor R6 has a first end coupled
to the output of current mirror 413 and has a second end
coupled to a negative terminal of a voltage source 414 which
provides a voltage V1. Accordingly, the current flowing
through transistor 412 has a value of

Vour
R5 "’

and reference signal Vref is:

R6
Vref = axVour—b = =t Vour—V1,
where

_ R6
a= =
and b=V1. As illustrated above, reference signal Vref may be
determined by calculating from the desired switching fre-
quency range. In one embodiment, the value of

R6
R

is selected from the range of 0.5 to 0.7, and the value of V1
is between the range of 0.15 volts to 0.35 volts. And in a
particular embodiment,

R6
R

is about 0.6 and V1 is about 0.3 volts.

FIG. 5 shows a waveform diagram to illustrate the func-
tion of the switching frequency and the inductor ripple
current based on the variation of the input voltage according
to an embodiment of the present invention. From this figure,
it can be seen that both the switching frequency Fs and the
peak to peak inductor ripple current Ipp increases with the
input voltage gradually and moderately. The characteristics
and advantages of the embodiments of the present invention
will be illustrated in comparison with two other possible
control methods.

FIG. 6 illustrates an ON time control signal generating
circuit 600 of a first control method as a prior art. ON time
control signal generating circuit 600 comprises a current
source 61, a capacitor 62 and a comparator 63. Current
source 61 is proportional to input voltage Vin as: [=K*Vin
and charges capacitor 62. A first input of comparator 63 is
coupled to a common end of current source 61 and capacitor
62, and a second input of comparator 63 is coupled to an
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output terminal of the switching circuit for receiving output
voltage Vout or a feedback signal indicating output voltage
Vout. ON time control signal OT is generated by comparing
the voltage across capacitor 62 and output voltage Vout.
FIG. 7 shows a waveform diagram to illustrate the function
of switching frequency Fs and inductor ripple current Ipp
based on input voltage Vin for the first control method
associated with circuit 600 in FIG. 6. With this control
method, the cycle period

_Ton_ Vi ¢
" Duty m=x

s
B
>

where C is the capacitance of capacitor 62. Thus switching
frequency Fs is constant. However, inductor ripple current
Ipp flowing through inductor L. as shown in FIG. 1 increases
with input voltage Vin fast and has a large variation. This is
because this control method has a fixed cycle period, the
output voltage is regulated only by varying the duty cycle
and thus leads to wide duty cycle variation. And the wide
duty cycle variation would result in large variation in
inductor ripple current Ipp. In practical applications, induc-
tor ripple current Ipp is designed as a trade-off between
transient response, power dissipation due to high ripple
current, and maximum current requirements of the power
handling components in the SMPS. Thus it is required that
the inductor ripple current is neither too low nor too high.
Furthermore, the large variation of inductor ripple current
makes compensation difficult for ceramic output capacitors
and brings forth challenge to the selection of output capaci-
tor Co with a fixed inductor L. However, in a module
product, inductor L is usually fixed which would introduce
variation in inductor ripple current with the input voltage
and the output voltage. Thus for the method shown in FIG.
6, the system is unstable and the variation of the inductor
current ripple needs be limited.

FIG. 8 illustrates an ON time control signal generating
circuit 800 of a second control method according to an
embodiment of the present invention which can overcome
the deficiencies provided by the first control method asso-
ciated with circuit 600 in FIG. 6. Where current source 81
of circuit 800 is proportional to a difference (Vin—Vout)
between input voltage Vin and output voltage Vout, and a
second input of comparator 63 receives a constant reference
signal Vrefc. FIG. 9 illustrates the function of switching
frequency Fs and inductor ripple current Ipp based on input
voltage Vin for the second control method associated with
circuit 800 in FIG. 8. With this control method, the inductor
ripple current is constant which is easily to be compensated
and is good for output capacitor design. However, switching
frequency Fs increases fast and switching frequency Fs
under normal input voltage range is either too high which
may cause high switching loss when the input voltage is
high, or switching frequency Fs is too low which may cause
magnetic interference when the input voltage is low. And a
further drawback is that since the duty cycle is fixed, the
output voltage is not adjustable.

In comparison with the two control methods associated
with the circuits 600 and 800 in FIGS. 6 and 8, the ON time
control method according to some embodiments of the
present invention associated with FIGS. 3-5 could achieve a
trade-off between the switching frequency and the inductor
ripple current by controlling the switching frequency and the
inductor ripple current both vary with the input voltage and
the output voltage, thus both the switching frequency and the
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inductor ripple current are not too high, nor too low when
working in normal input voltage range. Meanwhile, the
output voltage is adjustable. The variable reference signal
according to embodiments of the present invention increases
the minimum switching frequency, and decreases the maxi-
mum frequency to keep it within a defined range based on
the on-time calculation. The switching frequency may be
determined as

Vourx (Vin — Vour)
Fswe ——— ———
Vinx R« C« Vref

where R is the resistance of resistor R4, C is the capacitance
of C1, and the reference signal may be represented as:
Vref=a*Vout-b (a and b are constant values). In one
embodiment, reference signal Vref is about:

Vref=1.2+0.6*(Vout-2.4),

where a=0.6 and b=0.24 volts. And in one embodiment, the
switching frequency during normal operation is kept above
2 Mhz to reduce interference and below 4 Mhz to reduce
power dissipation. And the variation of inductor ripple
current Ipp according to some embodiments of the present
invention associated with FIGS. 3-5 is not high which would
make the selection of the output capacitor easy. Accordingly,
the circuits according to embodiments of the present inven-
tion optimize the on-time based on the input voltage and the
output voltage and significantly improve the performance of
the module products with a fixed inductor and adjustable
output voltage, and result in a trade-off between the switch-
ing frequency Fs and the inductor ripple current Ipp. And at
the meantime, a smaller inductor may be used, and the size
of the inductor can be reduced.

FIG. 10 shows a flow chart diagram illustrating a method
1000 of controlling a switch in a switching circuit according
to an embodiment of the present invention. In general, the
method adopts a COT control, and comprises regulating a
switching frequency of the switching circuit varying with an
input voltage and also with an output voltage of the switch-
ing circuit, regulating an inductor ripple current of the
switching circuit varying with the input voltage and the
output voltage, and limiting the variation of the switching
frequency and the variation of the inductor ripple current at
the same time as described above with reference to FIG. 5.
Accordingly, the variation of the switching frequency is not
too high and minimizes the interference to the rest of the
SMPS; the switching frequency is not too high and mini-
mizes the switching loss; the inductor current ripple is not
too high, and the system stability is improved; and the
inductor current is limited so as to suppress the power
dissipation.

In a specific embodiment, method 1000 comprising at
block 1001 generating a ramp signal Von as a function of the
voltage difference between the input voltage Vin of the
switching circuit and the output voltage Vout of the switch-
ing circuit, which can be indicated as Von=f(Vin-Vout). In
one embodiment, the ramp signal Von is proportional to the
voltage difference (Vin-Vout). In one embodiment, gener-
ating the ramp signal comprises: generating a current signal
that is proportional to the voltage difference between the
input voltage and the output voltage (vin-Vout); and getting
a ramp signal by charging a capacitor by the current signal
when the switch is in ON state. The method 1000 comprises
at block 1002 generating a reference signal Vref as a
function of the output voltage Vout, which can be indicated
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as Vref=f(Vout). In one embodiment, the reference signal
equals: Vref=(a*Vout)-b, where a and b are constant posi-
tive values. In one embodiment, generating the reference
signal Vref comprises calculating the reference signal from
the required switching frequency Fsw range according to an
equation:

Vour« (Vin — Vour)
Fswe ——— ——
Vinx R« Cx Vref

where R and C are predetermined values. The method 1000
comprises at block 1003 generating an on time control signal
OT by comparing the ramp signal Von and the reference
signal Vref. The method 1000 comprises at block 1004
generating an output regulation signal SET based on an
output signal of the switching circuit. In one embodiment,
the output signal is the output voltage Vout. Then turning to
block 1005, when the output voltage Vout is lower than a
reference threshold signal, output regulation signal SET
transit from an ineffective state “O0” to an effective state
“17, and switch S1 of the switching circuit is turned on. And
at the meantime, the ramp signal increases from zero. When
the ramp signal Von increases to be above the reference
signal Vref, the on time control signal OT transits to effec-
tive state (OT=1) and the switch S1 of the switching circuit
is turned off.

In some of the above embodiments, an “effective state” is
in a logic “HIGH” state which corresponds to a high voltage
level, and an “ineffective state” is in a logic “LOW” state
which corresponds to a low voltage level. However, in other
embodiments, an “effective state” may be in a low voltage
level, and an “ineffective state” is in a high voltage level.

While various embodiments have been described above,
it should be understood that they have been presented by
way of example only, and not limitation. Thus, the breadth
and scope of a preferred embodiment should not be limited
by any of the above-described exemplary embodiments, but
should be defined only in accordance with the following
claims and their equivalents.

We claim:

1. A Switching Mode Power Supply (SMPS), comprising:

a switching circuit having an input terminal and an output
terminal, the switching circuit comprising a switch and
an inductor, wherein the switching circuit regulates an
output voltage at the output terminal based on an input
voltage at the input terminal by controlling a switching
action of the switch; and

a controller configured to generate a switching control
signal to control the switch, wherein the switching
control signal transits from a first state to a second state
when an output signal at the output terminal satisfies a
predetermined condition, and the switching control
signal transits from the second state to the first state
after a period of time; wherein a switching frequency of
the switch and an inductor ripple current of the inductor
are both configured to vary with the input voltage;

wherein the controller comprises:

an output regulation circuit configured to generate an
output regulation signal based on the output signal;

an ON time control circuit configured to generate an ON
time control signal, the ON time control circuit com-
prising:

a ramp signal generating circuit configured to generate a
ramp signal based on the input voltage and the output
voltage;
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a reference signal generating circuit configured to gener-
ate a reference signal based on the output voltage; and

a comparing circuit having a first input configured to
receive the ramp signal, a second input configured to
receive the reference signal, and an output configured
to provide the ON time control signal based on the
comparison between the ramp signal and the reference
signal; and

a logic circuit having a first input configured to receive the
output regulation signal, a second input configured to
receive the ON time control signal, and an output
configured to provide the switching control signal;

wherein the ramp signal generating circuit comprises:

a current generating circuit configured to generate a
current signal that is proportional to the voltage differ-
ence between the input voltage and the output voltage;
and

a capacitor charged by the current signal when the switch
is in an ON state, and

wherein the voltage across the capacitor forms the ramp
signal.

2. The SMPS of claim 1, wherein the current signal

generating circuit comprises:

a first resistor having a first end and a second end, wherein
the first end of the first resistor is coupled to the input
terminal;

a second resistor having a first end and a second end,
wherein the first end of the second resistor is coupled
to the second end of the first resistor, and the second
end of the second resistor is coupled to a reference
ground;

a third resistor having a first end and a second end,
wherein the first end of the third resistor is coupled to
the output terminal;

an amplifier having a first input, a second input and an
output, wherein the first input of the amplifier is
coupled to the second end of the first resistor and the
first end of the second resistor, the second input of the
amplifier is coupled to the second end of the third
resistor;

a fourth resistor having a first end and a second end,
wherein the first end of the fourth resistor is coupled to
the second input of the amplifier and the second end of
the fourth resistor is coupled to the reference ground;
and

a transistor having a first end, a second end and a control
end, wherein the first end of the transistor is coupled to
the first end of the fourth resistor, the control end of the
transistor is coupled to the output of the amplifier, and
the second end of the transistor is configured to provide
the current signal.

3. The SMPS of claim 1, wherein the reference signal Vref
is indicated as: Vref=(a*Vout)-b, where a and b indicate
respective constant values, and Vout indicates the output
voltage.

4. The SMPS of claim 3, wherein the constant value a is
selected from the range of 0.5 to 0.7, and the constant value
b is selected from the range of 0.15 Volts to 0.35 Volts.

5. The SMPS of claim 1, wherein the output regulation
circuit comprises a comparing circuit, the comparing circuit
having a first input, a second input and an output, wherein
the first input of the comparing circuit is coupled to the
output terminal configured to receive the output voltage or
a feedback signal indicative of the output voltage, the second
input of the comparing circuit is configured to receive a
reference threshold signal, and the output of the comparing
circuit is configured to provide the output regulation signal,

10

15

20

25

30

35

40

45

50

55

60

14

wherein the switching control signal transits from the first
state to the second state when the output voltage or the
feedback signal is lower than the reference threshold signal.

6. The SMPS according to claim 1, wherein the switching
circuit comprises a buck converter.

7. The SMPS according to claim 1, wherein the logic
circuit comprises an IRS flip-latch, wherein the first input of
the logic circuit comprises a setting input of the RS flip-
latch, the second input of the logic circuit comprises a
resetting input of the RS flip-latch, and an output of the RS
flip-latch is configured to provide the switching control
signal.

8. A controller for controlling a switch in a SMPS, the
controller comprising:

an output regulation circuit configured to generate an
output regulation signal based on an output signal of
the SM PS;

an ON time control circuit configured to generate an ON
time control signal, the ON time control circuit com-
prising:

a ramp signal generating circuit configured to generate a
ramp signal having a slope determined by an input
voltage of the SMPS and an output voltage of the SM
PS;

a reference signal generating circuit configured to gener-
ate a reference signal based on the output voltage; and

a comparing circuit having a first input configured to
receive the ramp signal, a second input configured to
receive the reference signal and an output configured to
provide the ON time control signal; and

a logic circuit having a first input configured to receive the
output regulation signal, a second input configured to
receive the ON time control signal, and an output
configured to provide a switching control signal for
controlling a switching action of the switch;

wherein the ramp signal generating circuit comprises:

a current generating circuit configured to generate a
current signal that is proportional to the voltage differ-
ence between the input voltage and the output voltage;

a current mirror having an input and an output, wherein
the input of the current mirror is coupled to the output
of the current generating circuit;

a capacitor coupled between the output of the current
mirror and a reference ground; and

a second switch coupled across the capacitor, and a
control end of the second switch is coupled to a second
control signal which is in complementary pattern with
the switching control signal, wherein the voltage across
the capacitor forms the ramp signal.

9. The controller of claim 8, wherein the current signal

generating circuit comprises:

a first resistor having a first end and a second end, wherein
the first end of the first resistor is coupled to the input
terminal;

a second resistor having a first end and a second end,
wherein the first end of the second resistor is coupled
to the second end of the first resistor, and the second
end of the second resistor is coupled to a reference
ground;

a third resistor having a first end and a second end,
wherein the first end of the third resistor is coupled to
the output terminal;

an amplifier having a first input, a second input and an
output, wherein the first input of the amplifier is
coupled to the second end of the first resistor and the
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first end of the second resistor, and the second input of
the amplifier is coupled to the second end of the third
resistor;

a fourth resistor having a first end and a second end,
wherein the first end of the fourth resistor is coupled to
the second input of the amplifier and the second end of
the fourth resistor is coupled to the reference ground;
and

a transistor having a first end, a second end and a control
end, wherein the first end of the transistor is coupled to
the first end of the fourth resistor, the control end of the
transistor is coupled to the output of the amplifier, and
the second end of the transistor is configured to provide
the current signal.

10. The controller of claim 9, wherein the resistance of the

first resistor is substantially the same with the resistance of
the third resistor, and the resistance of the second resistor is

substantially the same with the resistance of the fourth

resistor.

11. The controller of claim 8, wherein the reference signal

Vref is indicated as:

Vret=(a*Vout)-b, where a and b indicate respective con-
stant values, and Vout indicates the output voltage.

12. The controller of claim 8, wherein:

the output regulation circuit comprises a comparing cir-
cuit, the comparing circuit having a first input, a second
input and an output, wherein the first input of the
comparing circuit is coupled to the output terminal
configured to receive the output voltage or a feedback
signal indicative of the output voltage, the second input
of the comparing circuit is configured to receive a
reference

threshold signal, and the output of the comparing circuit
is configured to provide the output regulation signal;
and
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the logic circuit comprises an RS flip-latch, wherein the
first input of the logic circuit comprises a setting input
of the RS flip-latch, the second input of the logic circuit
comprises a resetting input of the RS flip-latch, and an
output of the RS flip-latch is configured to provide the
switching control signal.

13. A method of controlling a SMPS with COT control,
the SMPS comprising a switch and an inductor, the method
comprising:

regulating a switching frequency of the switch varying

with an input voltage;

regulating an inductor ripple current of the inductor

varying with the input voltage;
limiting the variation of the switching frequency and the
variation of the inductor ripple current at the same time,

generating a ramp signal based on a voltage difference
between the input voltage and an output voltage of the
SMPS;

generating a reference signal based on the output voltage;

turning on the switch when the output voltage is lower

than a reference threshold signal; and

turning off the switch when the ramp signal is higher than

the reference signal;

wherein generating the ramp signal comprises:

generating a current signal that is proportional to the

voltage difference between the input voltage and the
output voltage; and

obtaining the ramp signal by charging a capacitor when

the switch is in an ON state.

14. The method of claim 13, wherein the reference signal
Vref is Vref=(a*Vout)-b, where a and b indicate respective
constant values, and Vout indicates the output voltage.

15. The method of claim 13, wherein generating the
reference signal comprises calculating the reference signal
from a required switching frequency of the SMPS.
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